Context: Pituitary adenomas (PA) are often irregularly shaped, particularly posttreatment. There are no standardized radiographic criteria for assessing treatment response, substantially complicating interpretation of prospective outcome data. Existing imaging frameworks for intracranial tumors assume perfectly spherical targets and may be suboptimal.
Pituitary tumors represent the third most common primary tumor in the adult head after gliomas and meningiomas, accounting for ;15% of cases [1] . Although pituitary adenomas (PAs) are typically benign and slow-growing, their clinical course can vary widely; those that are hormonally active or located in the proximity of sensitive parasellar structures such as the cavernous sinuses, optic chiasm, and hypothalamus often cause the greatest morbidity [2, 3] . With the exception of prolactinomas, surgery remains the preferred initial treatment, and subtotally resected and recurrent tumors often require multimodality treatment including medication and radiotherapy (RT) [4] . Despite the current treatment efforts, a subset of these tumors progress.
Clinical trials investigating the role of cytotoxic chemotherapy, targeted therapy, and immunotherapy are needed to improve the treatment of PAs [5, 6] . Emerging retrospective data support the use of the alkylator chemotherapy, temozolomide, in the treatment of aggressive PAs. One challenge is that the field has not agreed on a standardized response criterion; for this reason, authors have defined meaningful responses to temozolomide as reductions of anywhere from 20% to 80%. Further complicating interpretation is heterogeneity in how a reduction in tumor size is defined. For example, sometimes regression refers to a decrease in tumor volume and sometimes a decrease in longest diameter (or the product of diameters) [7] . For reference, a 65% decrease in volume, assuming tumor sphericity, translates to a 50% decrease in the product of the diameters and a 30% change in the longest diameter [8] . Thus, differences in how regression is defined can be meaningful in terms of overall interpretation.
Going forward, the ability to compare temozolomide and other therapies reliably necessitates confidence that overall response rates are generated comparably. As the number of experimental protocols for both medical therapies and RT continues to increase [9, 10] , there is an increasing need to establish a standardized approach to imaging interpretation.
There are imaging response criteria that have been validated for other tumor types. Response Evaluation Criteria in Solid Tumors (RECIST) [11] measures tumors in one dimension and is used in clinical trials to define radiographic response for most malignancies outside of the central nervous system. For central nervous system malignancies, a twodimensional criteria, Response Assessment in Neuro-Oncology (RANO) [12] , is used most commonly. Two different volumetric approaches have been proposed: (i) an approach that uses geometric formulas that assume that intracranial tumors are either perfectly spherical or ellipsoid and (ii) computer-based approaches which allow tumor volume measurements based on three-dimensional (3D) voxel-based segmentation of relevant cross-sectional imaging sequences. Segmentation can be performed either manually by a radiologist or using semi-or fully automated approaches. The 3D volumetric approach has been adopted in several contexts within neuro-oncology, e.g., in glioblastoma, with promising results [13, 14] . Although 3D volumetric measurement is believed to be the most accurate reflection of tumor response, its correct application requires operator expertise and more neuroradiology time/resources per scan.
Importantly, there have not been formal validations of any of these imaging frameworks for pituitary tumors. We hypothesized that because of the irregular morphology of pituitary tumors, particularly after surgical resection, one dimensional (1D) and two dimensional (2D) as well as 3D spherical or ellipsoid surrogate measurement strategies are inadequate. In this study, we generated 3D volumetric measurements in patients receiving conventionally fractionated RT for PAs and compared the post-RT response with the other more standard neuro-oncological imaging response criteria.
Materials and Methods

A. Patient Cohort
We retrospectively identified patients from a departmental database treated between 2000 and 2017 who had pathologically confirmed pituitary macroadenomas and available MRI imaging before and after pituitary RT. The inclusion criteria included either functional or nonfunctional adenoma. A total of 34 consecutive patients were identified and included in our study (Table 1) . Patients had a median of 1 (range, 0 to 4) resection at a median of 6.1 months before RT. One patient did not have a resection because of locally advanced disease but the diagnosis was confirmed pathologically via endoscopic biopsy. For uniformity, the MRI immediately preceding and following RT were analyzed. This imaging end point was selected given differing surveillance schedules as per the standard of care. The median duration between scans was 4.9 months (range, 2.9 to 9.8). All patients received full-dose RT, between 45 and 54 Gy, determined at the discretion of the treating radiation oncologist. Because the goal of this project was to evaluate response criteria for prospective clinical trials, we decided to evaluate the first posttreatment MRI. One of the biggest criticisms of the available literature is that there is no standardized reporting of treatment response whether it is to RT or systemic therapy. Our review of recently reported or currently accruing protocols for PAs suggest that radiographic response at three or six months is often a primary or secondary endpoint (e.g., NCT03930771, NCT00939523, NCT03309319). Even within these three listed protocols, there are three different imaging end points that have been described (e.g., RECIST criteria, 40% reduction in tumor size, tumor volume). To our knowledge, neither RECIST nor RANO have been validated formally for PAs, therefore, the utility of these approaches for short posttreatment time points is already a salient clinical question. In other words, the assumption that RECIST and other response criteria are applicable to this clinical situation is already dictating protocol success or failure. We designed our pilot study to emulate a prospective trial and for these reasons, we selected the first posttreatment scan, which corresponds to approximately six months of follow-up. Selection of this end point also increased the homogeneity of our patient sample.
B. MRI Scans and Measurements
MRI scans were acquired according to the standard of care during the study period, including the administration of intravenous contrast usually consisting of gadobutrol at 0.1 mmol/kg (Gadavist, Bayer, Whippany, NJ). Pituitary tumors were usually measured on coronal contrast T1-weighted images targeted to the sella with a median slice thickness of 5.0 mm (range, 1.0 to 7.5).
A board-certified neuroradiologist with 18 years of experience measured the pre-and post-RT pituitary lesions according to the following accepted approaches: 1D measurements (as governed by RECIST 1.1) [11] , 2D measurements (as governed by RANO) [12] , and 3D spherical and 3D ellipsoid measurements (as governed by New Approaches to Brain Tumor Therapy and volumetric RECIST, respectively) [15] [16] [17] [18] . For a 1D estimation, the longest diameter was measured. The product of the two largest perpendicular diameters was calculated for a 2D estimation.
3D volumetric measurements of the tumor were performed as follows. The neuroradiologist manually segmented each tumor using Food and Drug Administration-approved commercially available software (Aquarius iNtuition Edition 4.4.12, TeraRecon, Foster City, CA). After segmentation, tumor volumes were measured and recorded in cubic centimeters. The measured volumes were exported as 3D mesh model files and examined using 3D Slicer 4.8.0 (http://www.slicer.org) [19] to extract tumor volumes and surface areas, which were then used to calculate Hakon Wadell sphericity indices [20] . This unitless sphericity index describes how closely the shape of a lesion approximates a perfect sphere by measuring the ratio of the surface area of a sphere (equal in volume to the lesion) to the surface area of the lesion, whereby a ratio of 1 represents a perfect sphere and a ratio ,1 represents less spherical shapes.
Finally, two different calculated 3D surrogates were obtained by utilizing standard geometric formulas for a 3D sphere or 3D ellipsoid. The maximal orthogonal diameters were automatically calculated from the segmented volume and recorded in centimeters. The radii were recorded and used to calculate surrogate volumes, assuming spherical shapes (volume 5 4/3pr
3 ) and alternatively ellipsoid shapes (volume 5 4/3pr 1 r 2 r 3 ) where r 1 . r 2 5 r 3 [17, 21] .
C. Imaging Response Assessment
Posttreatment response (PTR) was defined as the percent change in post-RT tumor size vs pre-RT, and a negative change was defined as a reduction in tumor size after treatment. PTR was then categorized as complete response (CR) if there was complete disappearance of the lesion, partial response (PR), progressive disease (PD), or otherwise stable disease (SD) based on accepted criteria. For RECIST, patients were classified as PR if there was a 30% decrease in maximum diameter or PD if there was at least a 20% increase in maximum diameter [11] . For RANO, patients were categorized as PR or PD if there was decrease by at least 50% or increase by 25%, respectively [12] . For the 3D spherical and 3D ellipsoid approaches, the classification of imaging response was based on simple mathematical extrapolation of RECIST to spherical or ellipsoid volumes, as described previously [17, [21] [22] [23] . Table 2 summarizes our response assessment criteria. For the 3D volumetric approach, there is no defined consensus for imaging response thresholds for pituitary (or any solid) tumors using volumetric analysis. For PD, we selected a minimum threshold of .20% because this cutoff has precedence in neuro-oncology [24] and has been used in other volumetric studies as a minimum to indicate clinically meaningful change [25] . As small changes in the size of sellar tumors can have anatomic implications, we purposefully selected PD criteria to maximize sensitivity. Given the assumption that pituitary tumors are not spherical, we did not believe that a simple spherical extrapolation of RECIST (which would have required .70% increase) was suitable. For PR, a 30% reduction in volume was required.
D. Statistical Approach
Mean pre-and post-RT sphericities were compared using the Wilcoxon signed rank test with continuity correction. 3D volumetrics were assumed to be the gold standard for PA measurement. We used several statistical approaches to assess the accuracy of the various surrogate estimations to predict PTR compared with the 3D volumetric gold standard. The associations were assessed using Pearson correlation and intraclass correlation coefficient (ICC) [26] and were visualized using the Bland-Altman plot [27] . ICC analysis quantitatively tests the agreement or repeatability between two different methods to measure the same quantity; values close to 1 indicate strong agreement or repeatability. Bland-Altman plots are often used to graphically illustrate the agreement or repeatability between two different methods on measuring the same quantity. In this study, the quantity under comparison was the PTR, which was measured in several different ways (1D, 2D, 3D volumetrics, etc.). Graphically, the points on the Bland-Altman plots were plotted on a horizontal coordinate representing the average of the two measurements and a vertical coordinate representing the difference between them. If the two measurements agree with each other to a reasonable degree, then most of the points should lie within roughly two SDs of the difference (i.e., 95% CI) and without depicting any obvious pattern.
Statistical calculations were performed using R v. 3.4.3 (R Foundation for Statistical Computing, Vienna, Austria), SPSS V. 25 (IBM, Armonk, NY), or GraphPad Prism 7 (GraphPad Software, La Jolla, CA) and a P value of less than 0.05 was considered significant. 
Results
A. Patient Characteristics
There were 34 patients with a median age of 50.4 years; 17 (50%) were men ( Table 1 ). All except 1 patient were treated with intensity-modulated radiotherapy; the latter was treated with a 3D conformal RT plan. All but 1 patient (97%) received RT as either adjuvant or salvage therapy. Thus, in our cohort, tumor measurements were performed principally on postsurgical and/or recurrent tumors. One patient was deemed as nonoperable at diagnosis and received definitive intent RT after endoscopic biopsy. For this patient, tumor measurements were performed on an intact tumor.
B. Summary of Different Measurement Approaches
Regardless of 1D, 2D, or 3D techniques, there was little change in the pre-and post-RT measurements when examining the mean or the median (Table 3 ). In general, the mean measurement was reduced post-RT whereas the median measurement was stable or slightly larger with all surrogate measurement techniques. Using 3D volumetric segmentation, the median size of the pre-RT and post-RT tumors was 6.5 cm 3 (range 6 SD, 0.5 to 51.6 6 10.5) and 6.1 cm 3 (range 6 SD, 0.4 to 44.8 6 9.8), respectively. This difference did not achieve statistical significance (P 5 0.11) using the Wilcoxon signed rank test.
C. Sphericity Estimation
Mean pre-and post-RT sphericity were 0.63 and 0.60, respectively, indicating variable irregular shapes (Fig. 1) . Post-RT tumors tended to be less spherical and the difference trended toward significance (P 5 0.054). The pre-RT sphericity of the nonoperable tumor was 0.39, indicating the possibility of highly irregular shapes even in large intact lesions involving the skull base. Figure 2 summarizes the percent changes in tumor measurements pre-and post-RT by imaging convention. In general, the tumors remained stable after RT as reflected by all five measurement approaches. The 3D spherical approach had the widest PTR range. Overall imaging response at the first post-RT assessment was then determined for each of the five measurement approaches and is summarized in Table 4 . No patient achieved CR. Using the 3D volumetric approach, 24% and 21% of patients had PR or PD, respectively, and the remainder had SD. A greater proportion of patients were classified as having SD using either the 1D, 2D, or 3D spherical surrogate approaches. In contrast, fewer cases were classified as SD under the 3D ellipsoid approach. Response classification was significantly different (P 5 0.007, x 2 ) among the five approaches. 
D. Assessment of Posttreatment Imaging Responses
E. Associations Between Volumetric and Surrogate PTR
Under the assumption that the 3D volumetric approach is the gold standard we then assessed the correlation between the PTR calculated using the various surrogate approaches and the PTR calculated using 3D volumetrics. The scatter plots and associated Pearson product moment correlation coefficients suggested that moderate correlation exists between each of the four surrogate measurement approaches and the 3D volumetric approach (Fig. 3) . Of these associations, the strongest correlation was found between the 1D/RECIST framework and 3D volumetric whereas the weakest correlation was found between the estimates derived from the 3D ellipsoid approach and 3D volumetrics (Fig. 3F) . Not surprisingly, given the mathematical relation between the two estimates, the Pearson coefficient was found to the strongest between the 1D and 2D surrogate estimates (coefficient 5 0.71; 95% CI: 0.48, 0.84; P , 0.00001). ICC values to assess the overall association of each surrogate measurement approach with the 3D volumetric gold standard at the individual patient level are shown in Table 5 . ICC demonstrated moderate to good reliability of response for 1D, 2D, and 3D spherical (ICC 5 0.54, 0.61, 0.52, respectively; P , 0.001); 3D ellipsoid was again inferior (ICC 5 0.47, P 5 0.002). Bland-Altman visualization confirmed similar moderate to good concordance as few points fell outside the 95% CI of the difference between the two estimates. 
F. Characterizing Discordance Between 3D Volumetric and Surrogate Measurement Approaches
False-positive assignments of PD as well as false-negative assignments of SD/PR/CR could have important implications for clinical management. Therefore, we sought to better understand patients in whom the surrogate and volumetric classifications were discordant. From the correlative analysis, the estimated 3D surrogate approaches, 3D spherical and 3D ellipsoid, did not appear to be more accurate than the simpler 1D and 2D measurements. Therefore, we focused on comparing the more widely used 1D/2D and 3D volumetric approaches. Figure 4 shows the patient-level PTR measurements in order of decreasing post-RT tumor sphericity as well as potential classification discrepancies. Assuming 3D volumetrics as the gold standard, there were few false-positive classifications of tumor progression; using 1D, only one of three patients classified as PD was discordant with the 3D volumetric interpretation (which was SD). Using 2D, two of three patients classified as PD were discordant with the 3D volumetric interpretation (both SD). Six of the seven patients classified as PD using 3D volumetrics were classified as SD by either 1D and/or 2D measurements. Of these potentially false-negative patients, the majority (5/6) had PTR (as measured by 3D volumetrics) in the range of 25% to 35%. There was no indication that less spherical tumors were more likely to have discordant imaging classifications. 
G. Radiographic Response and Correlation With Clinical Outcomes
Although the primary objective was to compare treatment response, we sought to explore the predictive power of the various imaging strategies. Clinical outcomes after the analyzed post-RT MRI were reviewed (median follow-up 5 40 months; range, 2 to 196). Of the 34 patients, there were only 2 documented failures (as defined by a change in treatment) following the referenced course of RT. Given the limited number of events, we did not have adequate power to meaningfully prognosticate based on PTR. However, all 7 patients found to have PD by 3D volumetrics had no subsequent documented clinical evidence of progression, as defined by the need for salvage treatment, over the period of chart review (median, 39.8 months; range, 2 to 196).
Discussion
Prior studies principally focusing on primary intra-axial brain tumors have advocated for the usage of linear 1D and 2D measurements because they demonstrate high correlation and concordance for determining tumor progression [28, 29] and may be better than estimated 3D measurements [30] . Across oncology, because these 1D/2D measurements are easier to implement than 3D volumetrics, most modern response criteria propose them as reasonable surrogates for determining tumor size changes. These criteria have become the standard for response assessment in prospective neuro-oncology trials. To our knowledge, there has been no formal comparison or validation of these imaging conventions specifically for pituitary lesions. Our main concern was that the 1D/2D approaches might be suboptimal for pituitary lesions because the tumors are often highly irregularly shaped. This study aimed to evaluate four accepted surrogate measurements against 3D volumetric measurements to assess the PTR of PAs. We first demonstrated that PAs are highly nonspherical. Whereas other groups have argued empirically that pituitary tumors, particularly postsurgical lesions, are irregularly shaped, we quantified this low sphericity using the Hakon Wadell approximation. In our samples, mean sphericity was roughly 0.6 but was found to be as low as 0.36 (with 1 representing a perfect sphere).
Given this geometric irregularity, we expected that 1D and 2D approaches as well as calculated 3D approaches would correlate poorly with volumetric measurements. To the contrary, our data suggest that the 1D and 2D approaches as well as the 3D spherical approach are reasonably well correlated with volumetric prediction, as evidenced by similar moderate to good Pearson correlation and ICC values. We observed that the PTRs predicted for the various imaging conventions were often strongly clustered, even for tumors with the lowest sphericity (Fig. 4) . This suggests that RECIST and/or RANO can be applied to this patient population.
The volumetric approach is substantially more labor intensive and requires a highly experienced neuroradiology operator for maximal validity. Recommendation of the volumetric approach as the gold standard for pituitary tumor assessment is nontrivial and would require widespread availability of the software and consensus recommendations for performing this analysis. Although the 3D volumetric approach declared more treatment responses and failures, its clinically meaningful effects remained uncertain because none of the patients identified as having PD by 3D volumetrics on the first post-RT scan went on to have sustained progression requiring additional salvage treatment.
With that caveat, there may be situations in which 3D volumetric measurements may add value above RECIST or RANO. The 3D volumetric approach appears to have improved the capacity to discriminate between subtle PR and otherwise SD. Figure 5 shows a representative patient example in which the 1D interpretation was SD but volumetric measurement suggested PR that persisted on the subsequent surveillance scan. Potential clinical scenarios in which 3D volumetrics might be more accurate include multiloculated or cystic adenomas, small recurrences or areas of residual disease, and multifocal and bony invasive adenomas.
Although the distinction between SD and PR may not often change routine clinical practice, accurate assessment of imaging response could have important implications for clinical trials and affect the approval of new treatments, where overall response rate is typically the proportion of complete and partial responders. Given that the overall response rate is often a primary outcome for early stage oncologic trials, insensitive radiographic response criteria could mean the difference between trial success and failure.
There is no established threshold for tumor progression when assessed using volumetric segmentation. Given the proximity to critical structures such as the optic chiasm, a 20% increase in PA volume could constitute a clinically important change that would warrant a change in treatment. We selected this threshold given precedents [24, 25] and to maximize sensitivity. The radiographic balance of appropriate thresholds and resultant test sensitivity is not unique to pituitary tumors; we would have had considerably better concordance between the 1D/2D and 3D volumetric response assessments had a volumetric progression threshold of .35% been used.
For pituitary tumors, defining a strict progression cutoff may be challenging because of the heterogeneity of tumor location. For example, if a tumor encroaches or contacts the optic chiasm, a tiny change could have a detrimental effect, whereas inferior tumors extending into the sphenoid sinus could expand substantially without having any appreciable clinical impact. This would argue that response assessment criteria should incorporate data on the anatomic location of the tumor, as even minor changes in size in a high-risk location could support a change in treatment strategy.
There are several limitations to this study. The analyzed cohort is fairly small with few clinical events after RT. Given the natural history of PAs, a larger, and perhaps multiinstitutional, cohort would likely be required to correlate radiographic or radiomic characteristics with clinical outcomes. Furthermore, the natural history of PAs is slow growth and our relatively short median follow-up may translate to lower power to detect subtle differences between the different methodologies. We selected this time point because the first posttreatment scan is often a clinically reported end point and is already being used as the response assessment time point for primary or secondary outcomes in prospective protocols. Selection of this time point enabled greater homogeneity for our pilot since the longer term follow-up imaging intervals tended to be more irregular given diverse practice patterns.
Because this was a retrospective study, there was heterogeneity in the MRI slice thicknesses drawn from actual clinical practices that may lead to overestimation of tumor volumes. It is also possible that the response on the first post-RT scan might include some residual local inflammatory change or tumor flare phenomenon because of the RT that does not reflect the inevitability of ongoing growth. This remains a commonly used and clinically meaningful end point; furthermore, our primary goal to study radiographic performance was enabled by using this homogeneous time point.
We do not feel that our study alone is sufficient to say definitively whether RECIST or RANO is suitable to capture the full degree of nuance required for all clinical situations. Specifically, longer term follow-up is critical to further validate these surrogate measurement approaches. Additional work is ongoing with larger cohorts and more longitudinal and longerterm imaging assessments to categorize typical posttreatment patterns and to better prognosticate which clinical scenarios might benefit from more detailed volumetric assessment. We hope that this pilot study is a first step to homogenize the reporting criteria and structure for PAs which hopefully will empower clinical trials and facilitate the comparison of cross-institutional outcome data.
Conclusion
Although pituitary tumors are inherently nonspherical, unidimensional or bidimensional imaging measurement appear to be suitable surrogates for routine clinical surveillance and response assessment. These methods, as governed by RECIST or RANO, have acceptable correlation with more sophisticated 3D volumetric approaches. 3D volumetrics may be a more nuanced measurement tool for prospective trials that require accurate response assessment.
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